Small-angle light scattering is used to assess the dispersion behavior of vapor-grown carbon nanofibers suspended in water. These data provide the first insights into the mechanism by which surface treatment promotes dispersion. Both acid-treated and untreated nanofibers exhibit hierarchical morphology consisting of small-scale aggregates (small bundles) that agglomerate to form fractal clusters that eventually precipitate. Although the morphology of the aggregates and agglomerates is nearly independent of surface treatment, their time evolution is quite different. The time evolution of the small-scale bundles is studied by extracting the size distribution from the angle-dependence of the scattered intensity, using the maximum entropy method in conjunction with a simplified tube form factor. The bundles consist of multiple tubes possibly aggregated side-by-side. Acid oxidation has little effect on this bundle morphology. Rather acid treatment inhibits agglomeration of the bundles. The time evolution of agglomeration is followed by fitting the scattering data to a generalized fractal model. Agglomerates appear immediately after cessation of sonication for untreated fibers but only after hours for treated fibers. Eventually, however, both systems precipitate.
Introduction
Although hundreds of papers have been published describing enhanced dispersion of carbon nanotubes by surface modification, the nature of the dispersed entities remains unknown. Dispersion is typically assessed by drying the solutions and observing the residual carbon by electron imaging, providing indirect evidence regarding the fluid state. Here we use light scattering to infer the morphology of the dispersed vapor-grown carbon nanofibers (VGCNF). The time evolution of the scattering data shows that surface treatment inhibits large-scale carbon agglomeration, but has minimal effect on the short-scale bundling of tubes that has dominated interpretation of imaging data.
In the untreated state, both single-walled nanotubes and VGCNFs can be dispersed with sonication since the external mechanical energy overcomes attractive van der Waals forces. However, nanotubes do not remain suspended in quiescent (unsonicated) suspension at any significant concentration. 1, 2 Intense ultrasound can aid dispersion, but sonication also induces defects in nanotubes. 3 Appropriate chemical oxidation of nanotube surfaces, with the aid of prolonged sonication in a mixture of concentrated sulfuric acid and nitric acid, creates surface acid sites, which are mainly carboxylic in nature, on both the internal and external surfaces of the nanotubes. 4-6 7 Such modification renders the tubes hydrophilic and thus aids dispersion. A 3:1 concentrated H 2 SO 4 :HNO 3 mixture is commonly used for modification because it can intercalate and exfoliate graphite. 8 By controlling the reaction conditions during acid treatment, nanotubes can be either shortened (100-300 nm) or kept at full length (>2 µm). 4, 5, 9 The tube tips and defects on the sidewalls are vulnerable areas to oxidative attack. [10] [11] [12] After acid treatment, nanofibers form relatively stable colloidal solutions in water. Dispersions have been characterized by atomic force microscopy (AFM), UV/visible-NIR spectra, etc. 11, 13 The evolution of the dispersed state under quiescent conditions following sonication, however, remains unknown. We recently used scattering to determine the morphology of carbon nanotube suspensions. 14, 15 In this paper, we use this tool to quantify the state dispersion of as-received and acid-treated carbon nanofibers as a function of time. To understand the state of aggregation of the nanofibers, the size distribution from the light scattering data is determined using the maximum entropy (ME) method. [16] [17] [18] We used the Irena code (http://www. uni.aps.anl.gov/∼ilavsky/irena.html) developed by Ilavsky and Jemian to obtain the maximum-entropy solution. 19, 20 
Experimental Section
Vapor-grown nanofibers were provided by Applied Sciences, Inc., Cedarville, OH. Pyrograf-III PR19LHT nanofibers are vapor grown and subsequently heated to temperatures up to 1600°C
. The Pyrograf-III VGCNF normally contain a few concentric cylinders but may also be nested truncated cones. Typically the cores are open.
The nanofibers were treated to attach carboxylic acid groups to their surfaces. The acid-treated nanofibers were prepared as follows: A 100-mg portion of nanofibers was added to 400 mL of a mixture of 98% H 2 SO 4 /70% HNO 3 (3:1). The mixture was subject to ultrasonication for 4 h at 10 W. The resulting mixture was diluted with deionized water to 2000 mL and then filtered through a poly(tetrafluoroethylene) membrane disk filter (Gelman, 0.2-µm pore size) followed by washing several times with deionized water until no residual acid was present. Transmission electron microscopy (TEM) samples were prepared by allowing a drop of nanofiber suspension to dry onto Cu grids with holy carbon film. The high-resolution TEM (HRTEM) experiments were performed using a JEOL JEM 2010F electron microscope with a field emission source. The accelerating voltage was 200 kV.
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The dispersion efficiency was determined using a low-angle light-scattering photometer-a Micromeritics Saturn Digitizer (www.micromeritics.com). The data are reported in reciprocal space as intensity vs the magnitude of the scattering vector, q. Light scattering covers the regime 10 -6 Å -1 < q < 10 -3 Å -1 , where q ) (4π sin θ)/λ, θ being half the scattering angle and λ the wavelength of the radiation in the medium. This q range corresponds to length scales (∼q -1 ) from 100 µm at low q to 1000 Å (0.1 µm) at high q.
Results and Discussion
The raw Pyrograf-III PR19HT powder consists of loosely aggregated nanofibers. Bright field and HRTEM images of the acid-treated nanofibers are shown in Figure 2 . More defects and even serious damage are found after the acid treatment. Disruption of outer graphitic layers is also observed. The stripping of the altered outer graphite layers after strong oxidation can give rise to thinning of nanofibers. These observations are consistent with the literature. 11, 21 There is considerable experimental evidence for the presence of carboxylic acid bound to carbon nanotubes through acid treatment. 4, 22 These carboxylic groups result in improved dispersion of carbon nanotubes in polar solvents. The carboxylated carbon nanofibers are stable in water for days. In the absence of sonication, however, tubes eventually aggregate and precipitate. We use light scattering to monitor this process. Figure 3 shows the light scattering profiles as a function of time for acid-treated nanofibers in water at a concentration of 5.0 × 10 -6 g/mL. The data were obtained in the batch mode with no circulation or sonication. Initially the scattered intensity at low q decreases up to 8 h. Below we argue that this decrease is due to settling with minimal agglomeration. After 8 h, however, the intensity increases substantially at low q, consistent with agglomeration. In dilute solution the intensity at q f 0 is proportional to molecular weight, so the data in Figure 3 imply an increase of molecular weight by a factor of 10 between 8 and 44 h.
Except for the data near 8 h, two "knees" are observed indicating two length scales. The knee region is referred to as Guinier scattering. The curvature in the Guinier regime defines a length scale (Guinier radius or radius-of-gyration, R g , in the case of independent scatterers). Each Guinier knee is followed by a quasi-power-law regime. The curves were fit using Beaucage's unified model to extract R g , the power-law exponents, P, and the Guinier prefactors, G, and power-law prefactor, B, associated with each length scale. 23 These parameters are displayed in Table 1 for the two structural levels. The slope near -2 (P ) 2) on a log-log plot around q ) 0.002 Å -1 could arise from a hollow tube since the wall of such an object is two-dimensional on scales larger than its wall thickness and shorter than the radius. Such a slope, however, can also arise from more complex aggregated structures. 14, 15 The crossover length scale (q -1 = 1 µm) between the two power-law regimes corresponds to the largest radius of the tube aggregates. Minimal change in R g and P is observed for q > 10 -4 Å -1 , indicating minimal change in morphology with time on length scales below ∼1 µm.
The prefactor, G, derived from high-q structural level (level 1) decreases up to 8 h, indicating that the number and/or molecular weight of the small-scale entities is decreasing up to 8 h. After 8 h, however, the data indicate that these small-scale structures cluster form large-scale objects, which we call agglomerates. All the carbon precipitates after several days. Chen et al. observed similar behavior in the region 2 × 10 -4 < q < 2 × 10 -3 for single-walled nanotube suspensions. 24 We also monitored dispersion behavior of untreated carbon nanofibers although such a suspension is quite unstable in water even with aid of ultrasound. The data for the untreated sample (Figure 4) show similarities and differences when compared to the treated sample. Although less visible, two structural levels are present and the length scales are similar to the treated case in Figure 3 . For the as-received sample, however, the largescale agglomerates are observed immediately (5 min), whereas they form after 8 h in the treated case. Acid-treatment retards this agglomeration. The overall intensity also shows a nearly monotonic trend with time to lower values consistent with precipitation being the dominant process. The extracted R g values are virtually unchanged during the precipitation process. The similarity of the length scales for the treated and untreated samples shows that acid treatment does not change the gross morphology of the nanofiber aggregates but only inhibits agglomeration of these smaller scale aggregates. Figure 5 compares the scattering profile for acid-treated and as-received carbon nanofibers at 5 min after sonication. The intensity at low q (prefactor, G) for the acid-treated sample is 1 order of magnitude smaller than that for the untreated one, indicating smaller entities in former suspension. Detailed analysis shows that the low-q Guinier radius is 4.8 µm for acid-treated nanofibers, compared to 21.3 µm for untreated nanofibers. These observations are consistent with improved dispersion due to the presence of oxygen-containing functional groups on the surface. Dispersion of acid-treated nanofibers in water during twoday suspension. The suspensions were sonicated at 10 W for five minutes before data were taken using light scattering in batch mode. Minimal change is observed at large q indicating minimal change in morphology below 1 µm. The micrometer-sized entities originally present simply aggregate into larger structures in a hierarchical fashion. The lines are two-level unified fits. The unified parameters are collected in Table 1 . Low-q data are absent in regions where the signal is not significantly above background. In principle, the morphology of both the small and largescale objects can be inferred from the power-law exponents, P, since P is the fractal dimension, D, of the objects giving rise to the scattering. D ) 1 implies a linear object, and D > 1 indicates more branched or flexible structures. 14, 15 For our data, however, the scattering entities are polydisperse and the power-law regions extend over a very limited q range, so this approach is unworkable. An alternative is to use the relationship, M w ≈ R z D , where M w is the weight-average molecular weight, R z is the weight-squared-average radius, and D is the fractal dimension of the object. Since G ≈ M w and R z ≈ R g , D can be extracted from the slope of a log-log plot of G vs R g . Such a plot is shown in Figure 6 for the two structural levels for both the treated and untreated samples. Except for the low-q data for the treated sample, the data imply D g 6, which is unphysical. When the slope is greater than 3 we interpret the evolution of the scattering profile as due to precipitation of carbon, because, to first approximation, G simply decreases at fixed R g . For the untreated samples, therefore, both structural levels evolve by precipitation.
For the treated sample, the small-scale objects precipitate for the first 8 h and then begin to agglomerate. The latter conclusion is reached because D ) 1.7 ( 0.15 for the large-scale structure (Figure 6 ), consistent with a fractal morphology characteristic of agglomerates formed by kinetic growth. This number is also consistent with the value of P in Table 1 for the 44-h-treated sample. For the other times, the power-law region is insufficient to compare the measured P values and D from Figure 6 . For the treated sample, precipitation dominates agglomeration up to 8 h and agglomeration dominates precipitation after 8 h.
To further understand the morphology evolution, the data were analyzed to estimate the bundle size distributions using the maximum-entropy method. To extract the size distribution a particle shape must be assumed. Electron microscopy shows that carbon nanofibers are tubelike with some fibers showing more rodlike character. The high-q feature of the data should arise from this one-dimensional morphology.
We investigated both rod and tube models as shown in Figures 7 and 8 , which compare the two models for the 8-h acid-treated sample. Figure 7 shows the fits to the light-scattering data. Figure 8 shows the corresponding volume distributions assuming both rod and tube form factors. In the tube case, distributions calculated for different tube-wall thicknesses are shown. For the tube model the fits to the scattering profiles are virtually independent of wall thickness, although the volume Figure 4 . Evolution of the light-scattering profile of unmodified nanofibers for 2 days following dispersion by sonication. The suspensions were sonicated at 10 W for five minutes before the observations began. The measurements were taken in the batch mode, so the sample was undisturbed during the course of the experiment. Note that the intensity at small q is a factor of 10 larger than Figure 3 , implying larger aggregated structures. The lines are two-level unified fits. The unified parameters are collected in Table 2 . distributions show a change in amplitude consistent with the increase of molecular weight with wall thickness, the solid rod being the limiting case. The position and shape of the distribution does not depend strongly on the assumed form factor. Unfortunately virtually any form factor can be used to generate a size distribution using the maximum entropy method on such featureless data. Therefore, on the basis of the fits, it is impossible to distinguish between rods and tubes or for that matter more complex structures. Both models give similar results with a peak in the diameter distribution around 0.5 µm. In all cases, the diameter at the peak is considerably larger than the tube diameters seen in TEM. The scattering entities are not individual tubes but bundles thereof.
Interestingly, the size distributions ( Figure 9 ) extracted from these high-q data show minimal change with time implying that the short-scale morphology is maintained during agglomeration and precipitation. Both the peak position and the tails to larger sizes indicate that dispersion is not complete, based on the tube diameters seen in TEM. The bias to larger sizes is likely due to side-by-side fiber aggregates that are never disrupted. Because light scattering is weighted by volume, it does not take much aggregation to produce such tails on the size distributions.
Comparison of parts a and b of Figure 9 shows that the largediameter wing of the distribution is suppressed in the acid-treated sample. That is, acid treatment breaks up the larger aggregates. Since the contrast is not known, the volume distributions (ordinate in Figure 9 ) are on an arbitrary scale. Nevertheless, comparison of the distributions in Figure 9 is meaningful. On the basis of this comparison, the volume missing from the largediameter wings of the treated distributions shows up at around 0.4 µm, which is still substantially larger than the largest individual fibers seen in TEM.
The simplified rod and tube models used here were developed by Justice and Schaefer. 25 These models approximate the exact rod and tube models in various power-law regimes and give the proper crossover length scales. Exact models, however, display oscillations in the power-law regimes, which are suppressed in the simplified models. This simplification is of minimal consequence when dealing with polydisperse distributions but it does accelerate the maximum entropy code.
Determination of the size distribution for the low-q data is more challenging. In fact, we are not able to extract reasonable size distributions from the low-q portion data using a fractal aggregate model. The process of dispersion and precipitation, however, can be inferred from time evolution of R g and G extracted from the low-q unified fits. These parameters are found in Table 1 . Figures 10 and 11 show R g and G derived from the low-q region as function of time for acid-treated and untreated nanofibers. For the untreated fibers, G decreases at nearly constant R g , consistent with precipitation. After 10 h, both R g and G stabilize. For the treated case, G and R g increase with time consistent with agglomeration. It is interesting that, after 44 h, these parameters approach that of the untreated fibers. These observations are consistent with the fact that acid treatment slows agglomeration and precipitation, but ultimately the fate of the treated fibers is the same as that of the untreated.
Conclusion
We compare dispersion behavior of acid-treated and asreceived carbon nanofibers suspended in water under quiescent conditions. Both samples show a hierarchical morphology consisting small-scale aggregates and large-scale agglomerates. The aggregates could be side-by-side bundles of individual nanofibers or more complex structures. In any case these objects agglomerate to form large-scale fractal clusters. Acid treatment shifts the small-scale size distributions to smaller bundle sizes. In the absence of surface treatment, these bundles agglomerate immediately after sonication. In the acid-treated case, by contrast, it takes many hours for the agglomerates to form. Thus acid treatment assists dispersion primarily by retarding largescale agglomeration not by suppressing small-scale aggregation.
These observations are probably applicable to other forms of surface treatment. Although surface treatment does break up the small-scale aggregates to some extent, substantial aggrega- tion exists even after treatment as evidenced by Figure 9 . This behavior is probably due to the fact that modification is restricted to assessable areas of the tubes. Side-by-side aggregates, for example, may not be modified in the region of contact, which would account for the fact that modification has minimal impact on the size of the small-scale bundles. Modification does alter external surfaces of bundles, which leads to inhibition of agglomeration. Suppression of agglomeration is the primary mechanism by which surface treatment assists dispersion. Ultimately, however, the fate of both treated and untreated fibers is the same: agglomeration to form fractal clusters that eventually precipitate. Figure 9 . (a) High-q volume distributions as a function of time for acid-treated nanofibers. The curves are obtained by ME method from lightscattering data in the high-q region. The particle shape used is tube. The ordinate is arbitrary in that the contrast is not known. (b) High-q volume distributions for untreated nanofibers. The curves are obtained by ME method from light-scattering data in the high-q region. The particle shape used is tube. Although the ordinate is in arbitrary units, the distributions can be quantitatively compared to Figure 9 . . Guinier prefactor derived from the low-q region as a function of time for untreated and acid-treated nanofibers. At a given concentration G is proportional to the molecular weight.
